Faults in Earth's crust accommodate slow relative motion between tectonic plates through either similarly slow slip or fast, seismicwave-producing rupture events perceived as earthquakes [1] [2] [3] . These types of behaviour are often assumed to be separated in space and to occur on two different types of fault segment: one with stable, rate-strengthening friction and the other with rate-weakening friction that leads to stick-slip [2] [3] [4] [5] . The 2011 Tohoku-Oki earthquake with moment magnitude M w 5 9.0 challenged such assumptions by accumulating its largest seismic slip in the area that had been assumed to be creeping [6] [7] [8] [9] [10] . Here we propose a model in which stable, rate-strengthening behaviour at low slip rates 11, 12 is combined with coseismic weakening due to rapid shear heating of pore fluids [13] [14] [15] [16] , allowing unstable slip to occur in segments that can creep between events. The model parameters are based on laboratory measurements on samples from the fault of the M w 7.6 1999 Chi-Chi earthquake 17 . The long-term slip behaviour of the model, which we examine using a unique numerical approach that includes all wave effects 16, 18 , reproduces and explains a number of both long-term and coseismic observations-some of them seemingly contradictory-about the faults at which the Tohoku-Oki and Chi-Chi earthquakes occurred, including there being more highfrequency radiation from areas of lower slip 8, [19] [20] [21] , the largest seismic slip in the Tohoku-Oki earthquake having occurred in a potentially creeping segment 6, 7 , the overall pattern of previous events in the area 8 and the complexity of the Tohoku-Oki rupture 9 . The implication that earthquake rupture may break through large portions of creeping segments, which are at present considered to be barriers, requires a re-evaluation of seismic hazard in many areas.
Seismic and geodetic observations have revealed that faults in Earth's crust can accommodate slow tectonic motion in different ways. Some fault areas respond with stable, quasi-static motion, with slip rates comparable to tectonic rates of millimetres to tens of millimetres per year; other fault regions remain locked for years and then experience fast dynamic ruptures that we perceive as earthquakes, with average slip rates of the order of 1 m s 21 (refs 1-3). One way to account for such observations is to separate fault areas into two types-stable areas, which mostly creep, and unstable areas, which produce earthquakes-perhaps with some complexity related to their interaction [1] [2] [3] [4] [5] . As a consequence, large creeping segments may be regarded as intrinsically 'stable' or 'decoupled', and, hence, as barriers to seismic rupture.
The 2011 M w 9.0 Tohoku-Oki earthquake challenged such assumptions by accumulating its exceptionally large seismic slip, of as much as ,50 m, in the shallower area of the megathrust, which had been considered creeping and, hence, stable [6] [7] [8] [9] [10] (Fig. 1a) . This unanticipated slip not only surprised the earthquake science community but resulted in the unexpectedly large magnitude of the earthquake and the extremely high tsunami that followed 8 . Previous large (M w 7-8) events recorded in the area had occurred deeper on the megathrust 8 . The geodetic data cannot resolve whether the shallower area of large coseismic slip had been creeping or not 7, 10 . Another puzzling observation from the Tohoku-Oki earthquake is the fact that the lower-slip area produced more high-frequency radiation 8, 21 . A similar observation has been previously made for the 1999 M w 7.6 Chi-Chi earthquake 19, 20 (Fig. 1b) . The earthquake source model that we propose here-in which creeping segments can generate large seismic slips owing to rapid shear heating of pore fluids and the resulting coseismic weakening-can qualitatively explain these and other observations within a single physical framework. Our model includes two aspects of earthquake source physics that have been gaining acceptance and validation through laboratory experiments and comparison of earthquake models with observations.
The first is the 'rate-and-state' nature of fault friction at low, aseismic slip rates, which has been conclusively documented in laboratory experiments and used to reproduce, both qualitatively and quantitatively, a number of earthquake-source observations 11, 12 . In the rateand-state friction laws (Methods), the steady-state frictional strength, t ss , depends on the slip rate, V, and the effective normal stress, s 2 p, and is given by
Here s is the fault normal stress, p is the pore pressure of fluids that permeate the fault, f 0 is the steady-state friction coefficient at a reference slip rate V 0 and a 2 b is the rate-and-state parameter, which can be used to model both stable, rate-strengthening fault segments (a 2 b . 0) and potentially seismic, rate-weakening fault segments (a 2 b , 0). The second emerging property of the earthquake source is additional substantial fault weakening at seismic slip rates. Although theories of such weakening have a long history 13 , relatively recent laboratory confirmations of this phenomenon 23, 24 have lent further credence to this notion in earthquake science. One of the physical mechanisms for coseismic weakening is the temperature increase due to rapid shear heating, which causes thermal expansion of pore fluids [13] [14] [15] [16] . If the rock surrounding the fault shear zone has sufficiently low permeability, the resulting increase in p lowers s 2 p and, hence, the friction resistance in equation (1) . Such thermal pressurization has been suggested as an important source mechanism for the 1999 ChiChi earthquake 18, 22 . Several other mechanisms of coseismic weakening have been proposed and used to simulate fault-slip phenomena, including in the Tohoku-Oki area 15, 24, 25 . Our fault model (Fig. 1c, d ) incorporates a patch that combines stable, rate-strengthening properties at low slip rates with substantial coseismic weakening due to thermal pressurization of pore fluids. Such a set of properties is motivated by laboratory measurements 17 on samples from the Chelungpu fault, Taiwan, which hosted the 1999 M w 7.6 Chi-Chi earthquake, one of the most well-studied seismic events 17, 19, 20 . Chi-Chi's fault rupture nucleated in the southern region of the Chelungpu fault and propagated mainly to the north, where it accumulated its largest coseismic slip, of about 8 m (Fig. 1b) . However, the southern region, of substantially lower slip, generated more high-frequency radiation 20 , just as observed for the TohokuOki earthquake 21 . Laboratory measurements 17 on rock samples from two shallow boreholes that penetrated the Chelungpu fault indicate that, at low slip rates, the southern fault region has earthquake-prone rate-weakening friction (a 2 b , 0) whereas the northern region has stable, rate-strengthening friction (a 2 b . 0). However, the rock permeability is lower in the north by about two orders of magnitude 17 , indicating that the northern part of the fault is more susceptible to coseismic weakening by thermal pressurization of pore fluids. Motivated by these measurements, our model considers the interaction of two patches, A and B, with the corresponding laboratory-measured properties (Fig. 1, section 1 of Supplementary Information, Supplementary Fig. 1 and Supplementary Table 1 ). To the best of our knowledge, this is the first study of long-term fault behaviour motivated by laboratory studies of materials from an actual fault zone.
We study the implications of this rich fault rheology in a simplified model of a planar fault embedded into a homogeneous, elastic space. This set-up allows us to investigate the qualitative consequences of the rheology without additional complexity associated with fault geometry and bulk properties. It also enables us to use a unique and highly efficient computational methodology 16, 18 for simulation of earthquake sequences and slow slip, which incorporates both slow tectonic loading and all inertial (wave) effects of dynamic ruptures but is at present restricted to relatively simple fault geometries. The numerical approach solves for the time evolution of fault slip and stress governed by a highly nonlinear coupled system of elastodynamic equations describing stress interactions, and includes rate-and-state friction on the fault that depends, in part, on the evolving slip rate and pore pressure, and explicit calculation of temperature and pore pressure evolution on the fault that incorporates fault-normal diffusion of heat and pore fluids (Methods). On the fault, the two interacting patches are surrounded by a rate-strengthening region with no coseismic weakening, which, in turn, is surrounded by areas steadily moving at a representative plate rate of 10 29 m s
21
. The resulting model response in terms of earthquake sequences and slow slip qualitatively reproduces a range of observations for both the Chi-Chi and the Tohoku-Oki earthquake on scales ranging from that of a single seismic event to several earthquake cycles (Figs 2 and 3) .
The produced earthquake sequences consist of two types of event: smaller, more-frequent events that rupture only patch A, and larger, model-spanning events that spread over both patches (Fig. 2a) . All seismic events initiate in patch A, which is susceptible to earthquake nucleation owing to its rate-weakening properties at low slip rates, and many of them arrest without rupturing patch B. However, occasional events manage to penetrate into patch B and activate coseismic weakening there, essentially changing the patch from being (interseismically) stable to (coseismically) unstable. In such model-spanning events, the slip is largest in patch B, owing to larger pore-pressureinduced weakening and the associated larger stress drop (Supplementary Fig. 2a ). Whether dynamic rupture is successful in activating coseismic weakening in patch B depends on a number of factors ( Supplementary Information, section 3) .
Such an overall pattern of seismic slip is consistent with observations and inferences for the areas of both the Tohoku-Oki and the Chi-Chi earthquake. In the Tohoku subduction zone, many M w 7-8 events have occurred on the deeper part of the subduction interface, which experienced lower slip in the Tohoku-Oki earthquake 8 (Fig. 1a) . Similarly, a series of trench surveys along the Chelungpu fault has revealed that earthquakes occur more often in the southern part of the Chi-Chi earthquake source region, which experienced less slip, than in the northern part 26 . The model dimensions are tailored to the size of the Chi-Chi source, and many model-spanning events indeed have peak slip comparable to the 8 m observed in the northern part of the Chi-Chi rupture.
Patch B, which combines laboratory-measured properties that allow for both interseismic creep and rapid coseismic slip, produces a rich variety of behaviours in a single model (Fig. 2) , from creeping with the long-term convergence rate (that is, being fully decoupled), to occasionally participating in large seismic events, to being locked (that is, fully coupled) (section 2 of Supplementary Information, Supplementary Figs 2b and 3, and Supplementary Videos 1 and 2). Such behaviour provides a new physical interpretation of the conceptual notion of 'conditionally stable' fault behaviour 12 . Importantly, immediately before a seismic event manages to propagate through it, patch B can be creeping (decoupled), in contrast to the notion that large earthquakes rupture mostly locked patches or asperities [2] [3] [4] . This richness of Chelungpu fault, which hosted the Chi-Chi earthquake. At aseismic slip rates, patch A has instability-prone, rate-weakening friction whereas patch B has stable, rate-strengthening friction. However, patch B is more susceptible to coseismic weakening. d, Schematic plots of how shear resistance in the patches depends on their respective slip rates.
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behaviour stands in contrast to patch A, which has relatively simpler stick-slip response. In addition to capturing the long-term behaviour, our model simultaneously reproduces the coseismic observations on less-pronounced high-frequency radiation from the area of the largest slip in both the Chi-Chi and the Tohoku-Oki earthquake 20, 21 . Patch B has higher slip but a smoother slip-rate history than does patch A (Fig. 3a, b) , as a result of both more-gradual weakening through pore pressurization and the velocity-strengthening nature of the initial response at the rupture front. This is reflected in the power spectrum of the source time functions (Fig. 3c) : in patch B, the low-frequency content is larger but the spectrum decays more rapidly.
The interaction of the two patches can also produce the complex rupture pattern (Fig. 3a and Supplementary Video 1, from 59 s to 1 min 2 s) inferred for the Tohoku-Oki earthquake 9 . After nucleating near the middle of the fault, the rupture first propagates mostly to the left, into patch A. As thermally induced weakening of patch B progresses, the rupture there accelerates and accumulates larger slip, creating stress concentration over patch A and causing re-rupturing of patch A. This re-rupturing would be more prominent in models with higher slip contrast between the two patches. The re-rupturing feature is also present in simulations with patches of identical frictional properties but different permeabilities; however, the behaviour of that model differs in other important respects (section 4 of Supplementary  Information, Supplementary Figs 4 and 5, and Supplementary Table 1 ).
Our study shows that both long-term and coseismic observations from the areas of the Tohoku-Oki and Chi-Chi earthquakes can be explained and reconciled by the presence of fault patches that are stable at low slip rates but can experience shear-induced coseismic weakening. Our results demonstrate how fluids can cause stable fault behaviour to become destructive through thermal fluid pressurization during rapid slips. In fact, experimental studies have shown that wet, clay-rich sediments, which are likely to be present in shallow portions of subduction zones, are indeed susceptible to thermal pressurization 27 . Other coseismic weakening processes 15, [23] [24] [25] may have similar effects. Our findings add to the accumulating evidence that earthquake source processes may be controlled by the interaction between rate-and state-dependent friction properties and effects of fluids that permeate Earth's crust; for example, fluid effects related to dilatancy have been shown to facilitate slow slip events 28 . Combination of another coseismic weakening formulation with a mix of ratestrengthening or rate-weakening low-slip-rate properties has been . c s ,
shear-wave speed. b, Slip-rate histories at representative points. The history of patch B is smoother than that of patch A, owing to initial rate-strengthening behaviour and subsequent more gradual weakening. c, Frequency structure of the slip-rate histories. Patch B produces larger slip but less high-frequency content, as observed in the Tohoku-Oki and Chi-Chi earthquakes 20, 21 .
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shown to match the long-term slip pattern in a geometrically realistic model of the Tohoku-Oki area 25 ; however, coseismic properties of the resulting ruptures have not been explored and would be difficult to interpret owing to the quasi-dynamic approximation used in those studies.
Findings such as these have important implications for seismic hazard, because they suggest that currently creeping (decoupled) fault regions, which are thought to be stable and aseismic, may participate in destructive events and host large seismic slip. After large events, such regions would stay locked for a while, but would eventually accumulate enough stress to start creeping again, obscuring the evidence of their destructive past. Hence, using only the relatively short recorded seismic and geodetic history to estimate seismic hazard is inadequate, as demonstrated by the unexpected 2011 Tohoku-Oki earthquake. For example, on the basis of fewer than 100 years of recorded history 29 , the creeping section of the San Andreas fault in California is thought to provide a barrier between the southern and northern locked parts of the fault, essentially preventing a massive earthquake that would involve all of California from San Diego and Los Angeles to San Francisco. However, our study provides a plausible physical mechanism by which that segment could join such a massive event. The possibility that dynamic rupture may penetrate into regions stable at low slip rates is important for the down-dip limit of large earthquakes.
To understand whether a creeping segment will participate in seismic events, it is important to assess whether it is susceptible to coseismic weakening. This can be achieved through palaeoseismic studies that look for evidence of past rapid slip 30 . However, such studies are not feasible in many places. This highlights the importance of materials-science-based models, such as the one presented here, which can incorporate laboratory findings and explore a full range of potential fault behaviours. To be not only qualitatively but also quantitatively useful, the models need to be refined on the basis of more experimental studies on physical fault properties under realistic depth-dependent temperature-pressure conditions.
METHODS SUMMARY
Our simulation approach produces a sequence of spontaneous earthquakes and aseismic slip in a fault model, accounting for both inertial effects and long-term tectonic loading 16, 18 . In the model, a planar fault is embedded in a linear, elastic, infinite medium. Part of the fault is governed by rate-and state-dependent friction 11 coupled with fluctuation in the pore fluid pressure due to frictional heating and diffusion normal to the fault [13] [14] [15] [16] [17] . The surrounding fault areas move with the assigned plate convergence rate, providing tectonic-like loading for the fault region of interest. The coupled problem of the elastodynamic equations in the bulk and the friction boundary condition on the fault is solved by a three-dimensional spectral boundary integral equation method that uses an adaptive time-stepping procedure 16, 18 . The fault-normal diffusion equations for temperature and pore pressure are solved by an unconditionally stable spectral method 16 . To investigate the combined effect of rate strengthening at low slip rates and efficient dynamic weakening at coseismic slip rates, we create a model with two fault patches of different properties (Fig. 1c) . The seismogenic region that includes the two patches is comparable in size to the source region of the M w 7.6 1999 Chi-Chi earthquake 19, 20 . The two patches have laboratory-measured frictional and hydraulic properties 17 based on samples collected from boreholes penetrating the northern and southern part of the Chelungpu fault, Taiwan, which hosted the Chi-Chi earthquake. Specific values of the parameters used are given in Supplementary Information. The fault coupling plotted in Fig. 2b is defined as 1 2 V/V pl when V # V pl and as 0 when V . V pl , where V is the slip rate and V pl is the long-term plate rate.
Full Methods and any associated references are available in the online version of the paper.
METHODS
Our model is mathematically represented by a highly nonlinear coupled system of elastodynamic equations describing stress interactions, and includes rate-andstate friction on the fault that depends, in part, on the evolving slip rate and pore pressure, and explicit calculation of temperature and pore pressure evolution on the fault that incorporates fault-normal diffusion of heat and pore fluids. Here we summarize the set of partial differential equations solved and the distributions of parameters assumed in the present study. For the solution techniques and numerical implementation, see ref. 16 .
The elastodynamics of a three-dimensional infinite body is treated by a spectral boundary integral equation method 16, 18 . Shear traction on a planar fault t is expressed as
where x is the position vector spanning the fault, t is time, t 0 is the shear traction that would act on the fault if it were prevented from slipping, V is the slip rate, m is the shear modulus, c s is the shear-wave speed and w is the stress redistribution term, which depends on the previous spatiotemporal distribution of V. The spatial Fourier transform of w, denoted by W, is expressed as
where k is the wavenumber vector, C S and C D are matrices of functions 18 , D and _ D are the spatial Fourier transforms of the slip and slip rate distributions, respectively, and t w is the time window within which we consider dynamic propagation of elastic waves. We take this window to be long enough for the shear wave to propagate over the two patches.
Frictional resistance of the fault is given by
where s is the elastodynamic normal stress, p is the pore pressure on the fault, s 2 p is the effective normal stress and f is the friction coefficient, which depends on the magnitude of slip rate, V, and a state variable, h, that characterizes the evolving properties of contacts in the shearing layer. For the friction law, we use a regularized version 31 of the experimentally derived rate-and-state laws 32-34 with the ageing state evolution equation
where f 0 is the steady-state friction coefficient at a reference slip rate V 0 , and a, b and L are the parameters that quantify variations in friction due to varying values of the slip rate and state variable. Note that the state variable evolves with slip, so that the friction law (equation (5)) combines the dependence of friction on both slip and slip rate. The steady-state value of friction, f ss , that prevails at a constant slip rate is given by
By varying the sign of the parameter a 2 b, the laws can be used to describe both stable, rate-strengthening fault segments (a 2 b . 0) and potentially seismic, rateweakening fault segments (a 2 b , 0). Motivated by the laboratory-measured properties of the rock samples from the Chelungpu fault 17 , we combine the rate-and-state formulation (equation (5)) with the coseismic weakening due to pore fluid pressurization. To that end, we explicitly track the evolution of temperature, T, due to frictional heating and the associated evolution in pore pressure, accounting for fault-normal diffusion of both heat and pore fluids 16, 35 :
LT(x,y,z,t) Lt~a
Here y is the fault-normal direction, x and z parameterize the fault plane, v(x, y, z, t) is the shear heating source caused by fault slip, a th and a hy are respectively the thermal and hydraulic diffusivities, rc is the specific heat capacity and L is the pore pressure change per unit temperature change under undrained conditions. Note that permeability of near-fault materials affects the value of a hy . In the simulated examples, it is assumed that V is accommodated by a fault layer of half-width w, with the resulting shear heating source in the form
The resulting evolution of pore pressure is then coupled with frictional resistance, because pore pressure enters the friction formulation (equation (4)).
Because we are interested in fault phenomena on a wide range of timescales, from the weakening process at the rupture front (order of milliseconds) to the recurrence of large earthquakes (order of 100 yr), we need an accurate and stable numerical procedure for the integration of the state variable, h, the temperature, T, and the pore pressure, p. We use an algorithm 16 in which the time integrations of h and Fourier coefficients of T and p are explicit, unconditionally stable, second order in time and spectral in wavenumber, and that allows adaptively varying time steps on a logarithmic scale. We use the adaptive stepper developed in ref. 36 . The details of numerical implementation are described in ref. 16 .
The geometry of the model and the physical parameters used in the simulation presented in the main article are shown in Supplementary Fig. 1 Table 1 , which also gives the parameters uniform over the model. We choose the value of L to be large (1 m) far from the patches to confine the ruptures better. The fault coupling plotted in Fig. 2b is defined as 1 2 V/V pl when V # V pl and as 0 when V . V pl , where V is the slip rate and V pl is the long-term plate rate. RESEARCH LETTER
